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1 Introduction

In scientific programming the never-endingpushto increasefidelity, flops, and physics
is hitting a major barrier: scalability In the contet of this paper we do not meanthe
run-time scalability of codeon processorsbut implementationscalability of numbersof
peopleworkingonasinglecode.With thekindsof multi-disciplinary, multi-physics multi-
resolutionapplicationsthat are here and on the horizon, it is clear that no single code
group— nor ary singleorganization— hasall the requiredexpertiseor time availableto
independentlgreateall of thesoftwareneededo solve today’s cutting-edgeeomputational
problems.

Scientificprogrammindibrarieshave alleviatedsomeof this pressurén the past,but
scalingproblemsarebecomingncreasinglyapparentTheupshotof softwarelibrarieshas
beenthatdifferentcodegroupsin differentorganizationcanbring their expertiseto bear
on particularsub-problems. Unfortunately differentgroupsand different organizations
alsobring with themimplicit dependenciesn differentsoftware developmentplatforms,
differentprogrammingdanguagesanddifferentconceptuamodelsof the problemdecom-
position— all of which mustbe resohedif the librariesthey produceareto be usefulin a
final application. Thegoodnews is thatscientificcomputingis notalonein thesesoftware
scalabilityproblemsandseveralindustrysolutionshave provensuccessful.The badnews
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is thatscientificcomputingis differentenoughin its naturefor an“off-the-shelf solution
from industryto not quitefit the scientificcomputingdomain.

This paperdescribeghe ideas,processand resultsof the first yearin an ongoing
collaborationbetweenmembersof the Component$rojectandthe Hypre Projectin the
Centerfor Applied ScientificComputing(CASC)in LawrenceLivermoreNationalLabo-
ratory. The Component$rojecthasdevelopedatool calledBabelthataddresseknguage
interoperabilityandre-usefor high-performancearallelscientificsoftware. Its purposeis
to enablethe creationanddistribution of languagéndependensoftwarelibraries. Hypreis
aparallel,scalablescientificlibrary of linear solversandpreconditionersBy usingBabel
tools on Hypre in this collaboration,we found that Babel enableshettersoftware design
andis an effective tool for producinglanguagendependenscientificsoftwarelibrariesat
angyligible performanceverhead.

2 SIDL

It is alreadyvery commonin scientific computingto have libraries written in different
languagesnteroperate.Considerthe commoncaseof BasicLinear Algebra Subroutines
(BLAS) written in Fortran77andinvoked from C/C++. Although vendorshave provided
customsolutionsfor this problemfor years this solutionhasscalingproblemsfor general
libraries. First, BLAS areoftentunedspecificallyfor the targetarchitecture Secondglue
codehasto be written for C/C++ to call the Fortran subroutines. Third, the Fortran77
standardloesnot definethe binary calling interfacebetweenC/C++andFortran77,sothe
wrappersarealsovendorspecific.

Many programminganguagegancall otherlanguagesbut only on a pairwiseba-
sis. Thesepairsoftenrequiresignificanteffort (meaningwrappersor “glue code”),arenot
guaranteedo be portable,andmay requirespecialinterconnectechnology Thisiis illus-
tratedin Figurel(a). For instance Matlab canbe coaxedto run anexternallibrary written
in C, but to do someanswriting specialMex-Files. GettingMatlabto run a Pythonscript
natively is anothematterentirely.

In large, multidisciplinary scientific applications,we are increasinglyobservinga
needfor truly languagandependenpiecesof software. Onecaneasilyervision anappli-
cationwith Java or Tcl/Tk graphicaldisplays,Pythonscriptsdriving the highestlevels of



logic, Fortranlinear algebraroutines,solverswritten in C, andthe adaptve meshrefine-
mentand time-steppingnanagemeninfrastructurewritten in C++. Suchan application
would be almostimpossibleusingthetechnologyrepresenteth Figurel(a).

This problemis addresseth industryusingcomponentechnologiesuchasCORBA
and COM. In both cases]anguageanteroperabilityis achieved using Interface Definition
LanguagegIDLs).

The ComponentsProjecthas designeda Scientific Interface Definition Language
(SIDL) that addresseshe particular needsof parallel scientific computing. SIDL sup-
ports complex numbersand dynamicmulti-dimensionalarraysaswell as parallelization
attributesand communicationdirectivesthat are requiredfor generalparallel distributed
datastructuresall of which arelackingfrom industryIDLs. SIDL alsoprovidesotherfea-
turesthataregenerallyusefulbut notnecessarilyelatedto scientificcomputing suchasan
object-orientednheritancemodelsimilar to Java, namespacemanagemengndinterface
versioning.

SIDL is not a “lowest-common-denominatosolution betweenprogramminglan-
guagesSIDL supportdull object-orientegorogramminggvenin nonobject-orientedan-
guages. It implementsreferencecountingand dynamictype casting,evenin Fortran77
which hasno aliasingandlimited type castingthroughequialencestatements.

3 Babel

The Babeltool suitetakesthe SIDL descriptionsand a language/platforndescriptionof
a softwarelibrary andgeneratesll of the glue-codeon demand.It consistsof a number
of interrelatedpieces:a SIDL parser a codegeneratora small run-time supportlibrary,
and a softwarerepository Currently BabelsupportsFortran77,C, and C++; efforts are
undervayto supportava, Python,Fortran90, andMatlah

The Babelparsey which is available eitherat the command-lineor througha web
interface,readsSIDL interfacespecificationsand generatesn intermediateXML repre-
sentation. XML is a usefulintermediatelanguagesinceit is amenableo manipulation
by tools suchas a web-basedepositoryor a GUI developmentervironment. XML in-
terfacedescriptionsarestorediocally or in a sharedveb-basedoftwarerepositorycalled
Alexandrid. Thevision is thata scientistdownloadinga particularsoftwarelibrary from
the repositorywill receve not only that library but also the requiredlanguagebindings
generatecGutomaticallyby the Babeltools.

The BabelcodegeneratoreadsXML files andgenerateglue codefor linking from
asoftwarelibrary to anintermediateobjectrepresentatior(IOR), andfrom the IOR to the
applicationprogrammets languageof choice(seeFigure1(b)). This glue codemediates
differencesamongcalling languagesndsupportsefficientinter-languagecalls within the
samememoryaddresspace ThelOR usedby the codegeneratois similarto thatusedby
COM, CORBA's PortableObjectAdaptor, or by scientificlibrariessuchasPETSc[2, 3].
The IOR handleghe virtual function dispatchfor all the methodsn anobject’s interface,
maintainsthe object’s statedata, and managesomeinternal Babel data structuresand
metadata.

1Also developedin the Component$roject,but beyondthe scopeof this paper

2000/12/1
page3

o



F77 | c++ | ***| Python

official hypre Babel interface
interface (ANSI C) (optional)

hypre library

MPI

Figure 2. Theoriginal visionof hypre and Babel

4 Hypre-Babel Collaboration

Hypre[5] is a suiteof scalableparallellinear solversandpreconditionergor the solution
of large,sparsdinearsystem®f equation®ndistributed-memoryarallelcomputersThe

primaryalgorithmicemphasisn Hypreis on robustnessandscalableparallelperformance.

In addition,importantdesigngoalsfor thelibrary includeeaseof use,flexibility, therapid
incorporationof new algorithms,andcompatibility andinteroperabilitywith othersimilar
libraries. Thesegoalsandemphasearedrivenby the needsf the mostdemandingscien-
tific simulationcodesastypified by theU.S.Departmentf Enegy’sAcceleratedstratayic
Computinglnitiative (ASCI).

The collaboratiorbetweerHypre andBabelbeganby identifying four primarygoals
andavision of how the two projectsinteract. Thefour primarygoalsare:

1. TheBabelteamwantedto demonstrat¢hetechnologyandgetfeedbackrom library
developers.

2. TheHypre projecthadanimmediateneedfor automaticallygeneratedrortranbind-
ingsthatwould track changesn thelibrary. Futureneeddor bindingsto otherlan-
guageqe.g.,Python)wasconsideredxtremelylikely. Previously, anumberof dif-
ferentFortranbindingsweredevelopedby varioususerson variousplatformsbut fell
into obsolescencwith new changedo the Hyprelibrary.

3. Hypre developerswantedto integratesoftware developedby othergroupswho had
written codein C++ andFortran.

4. The Hypre teamwantedto explore new designoptionsusing object-orientedand
component-basesoftware techniquesput the teamhad no desireto generateand
supportthe necessanpbject-orientednfrastructureby hand. This includeda de-
sireto participatein the EquationSolver Interface(ESI) working group[6], which
requiresworking implementationso verify proposediesigns.

The original vision of how Babelwasto interfaceto Hypreis shawvn in Figure2. Hypre
malkesa cleardistinctionbetweertheir “official” (meaningpublishedandsupportedpro-
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interface Vector {
int  Clear();
int Copy( in Vector x );
int Clone( out Vector x );
int Scale( in double a );
int Dot( in Vector x, out double d );
int Axpy( in double a, in Vector x );

k

interface Operator  {
int  Apply( in Vector x, out Vector b );

1

interface LinearOperator extends Operator {

h

interface Solver extends LinearOperator {
int  GetSystemOperator( out LinearOperator op );
int  GetResidual( out Vector resid );

int  GetConvergencelnfo( in string name, out double value );
I3
interface PreconditionedSolver extends Solver {
int  GetPreconditioner( out Solver precond );
I3
interface RowAccess extends LinearOperator {
int GetRow( in int row, out int size,
out array<int,1> col_ind,
out array<double,1> values );
I3

Figure 3. SIDL definitionof somebasicHypre interfaces.Not all methodsare shown.

gramminginterfacein ANSI C andthelibrary properwhich wassubjectto morefrequent
changeduring the courseof research.The original expectationwasto supplyan optional
Babelinterfaceto supportotherlanguagesisthey cameonline.

Dueto theoverallsizeof Hypre,ourinitial focuswasondesigningandimplementing
a Babelinterfacefor a representatie subsef thelibrary. We developeda SIDL file that
matchedhe programmingnterfacesof this Hypre subsetvhile adheringto SIDL's object
model. We thengeneratedhe glue codebetweenHypre andthe Babel IOR, and hand-
editedtheimplementatiordetailsto finish the new language-independelirary.

SIDL's object-modefollows that of Objective-C and Java, using classesandinter-
faces For C++ programmersinterfacesaresimilar to classesxceptthatall methodsare
purevirtual, meaningthey have no implementation.In this model,a classcaninherit an
implementatiorfrom only oneclass but mayinherit multiple interfaces.Figure3 shavs a
SIDL definitionof severalkey interfacesin the Hypre objecthierarchy
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Table 1. Runtime(in secondsfor a SMG multigrid solveron a 40 x 40 x 40
structued meshwith a sevenpoint stencilon ASCI-BluePacific

| setup solution
standardHypreC interface | 8.07 43.08
standardHypreC interface | 8.07 42.96
Babel-generate@ interface | 8.09 42.45
Babel-generate@ interface | 8.05 42.76

5 Results

We arevery pleasedaindencouragety theresultsof this collaboratiorbetweerthetwo re-
searchgroups.The performancendinteroperabilityresultswerein line with expectations.
Additionally thereweresomeunexpectedresultsthatwerevery positive andconstructve.

Negligib le Runtime Overhead. Resultsof four runsof astandardHypretestproblem
arereportedn Tablel. ThetestproblemusesHypre’s SMG multigrid solver on aPoisson
equationin threedimensionsfinite-differencedn a seven-pointstencil,onauniform40 x
40 x 40 structurednesh.Thetimingsweremeasuredisingeightprocessorsn two nodes
of ASCI Blue-Pacific, a large systembasedon IBM RS/6000.Thetimesreportedarethe
sumof the times of the eight processorsMost of the manipulationthrougheither setof
interfacesis doneduringthe setupphase.The solutionphaseis practicallyentirely within
theHyprelibrary proper

It is clearto seein this examplethatthe overheadf usingthe Babelinterfaceis well
within the noiseof the system.Moreover, it is reassurindgo seethatBabelcanbe addedto
existing MPI basedSPMD codewithout ruining parallelperformance.

Reduced Code Size Through Polymorphism.  SomeHypreimplementationproved
to be unnecessargncethe SIDL definedinterfaceswere available. For example,it was
easyfor the Hypre teamto write genericimplementation®f commonsolvers. Givendefi-
nitionsof interfacessuchasVector ,LinearOperator ,andRowAccess, it is natural
to implementKrylov solverssuchasconjugategradientand GMRESin termsof thesein-
terfaces Thesesolverscanthenwork with any concreteclasseshatimplementherequired
interfaces.Thereis no longera needto write andmaintainmultiple versionsof common
solvers,onefor eachmatrix datatype.

Originally, Hypreincludedeightimplementation®f PCG(preconditionedonjugate
gradient),someof them almostidentical exceptfor how they handledthe matrix-vector
multiply, becauseof data-structuralifferences. To take advantageof Babels polymor
phismcapabilities we codeda PCG solver which exclusively usedthe Babelinterfaceto
manipulatevectors. We have Babelinterfacesfor two vectortypesso far, so this PCG
solver effectively replacestwo separatémplemenationsn the Hypre library. Likewise
Hypre developershave similarly beenableto reducethe numberof GMRES(generalized
minimal residual)solvers.
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Table 2. Runtime(in secondsfor a SMG multigrid solverona 10 x 10 x 10
structued meshwith a sevenpoint stencilon SunSpacstationUltra 10

| setup solution
standardHypre C interface 0.14 0.26
Babel-generateH77interface | 0.14 0.27

Hypredevelopersnvolvedin this collaboratiorfeel thatusingBabelwill allow users
to get the benefitsof object-orienteddesignwithout requiring object-orientedanguages
suchasC++, whichis muchlessportablethanC.

Automatic Language Bindings. Babelwasusedo generate Fortraninterfaceto the
sameHyprelibrary (whichis writtenin ANSI C). We ran someof the sametestproblems
from a Fortrandriver andobtainedthe samenumericalresultson a Sunworkstation. This
successfullydemonstrated key goalto the Hypre developers.Previous Fortraninterfaces
have requiredfrequentmaintenanceandlacked portability.

We presentin Table 2 someruntimeresultsthat againshav no real differencebe-
tweenthe performancehroughthe Hypre andBabelinterfaces.This wasdoneon a single
processoSunworkstationusinga smallerversionof the problemin the previoussection.

Hypredeveloperdnvolvedin this collaboratiorareconfidenthatanapplicationcode
written in termsof a particularsetof interfacescould useary solver or library thatimple-
mentsthoseinterfaceswith virtually no changeo theapplicationcode.Userscouldeasily
experimentwith using differentsolver libraries by simply replacingonelibrary’s imple-
mentationof therequiredinterfaceswith anothedibrary’simplementation.

Explore New Design Options. In additionto the basicHypre objectsdefinedby the
interfacesshown in Figure 3, a secondsetof interfaces,called builder interfaces,were
developedandplaysarole of increasingmportance.A builder interfaceis a setof meth-
odsfor constructingpneor more basicobjectsandfollows the Builder designpattern[7].
Thesebuildershave no concreteanalogin the Hypre library andare exclusively available
throughthe Babelinterface.A majorbenefitof thebuildersis thatusersarepreventedfrom
accessingpartially constructediatastructures.

The mostinterestingexamplesare the MatrixBuilder and SolverBuilder
interfaces.A MatrixBuilder canbethoughtof asa particularuserinterfacethrough
which usersdefine problems. Each MatrixBuilder is accompaniedy a Vector-
Builder  for building compatiblevectors.A SolverBuilder is usedto setthecompo-
nentsandparametershatdefinea Solver . Partial SIDL definitionsof builder interfaces
aregivenin Figure4.

SIDL as a Design Language. To generaténterfacecodeBabelrequiresa SIDL file
definingthe interfaces.This forcedthe Hypre developersto considerthe userinterfaceas
a separatéssuefrom theimplementationandprovided an automatednechanisnio keep
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interface MatrixBuilder {
int SetMap( in Map map );
int  Setup();
int  GetConstructedObject(out LinearOperator obj);
2
interface StructuredGridMatrixBuilder extends MatrixBuilder {
int Start( in StructGrid grid, in StructStencil stencil,
in int symmetric, in array<int,1> num_ghost );
int  SetValue( in array<int,1> where, in double value );
int SetBoxValues( in Box box, in array<int,1> stencil_indices,
in array<double,1> values );

I3
interface IIMatrixBuilder extends MatrixBuilder {
int Start( in MPI_Com com, in int m_global, in int n_global );
int  SetlLocalSize( in int m_local, in int n_local );
int SetRowSizes( in array<int,1> sizes );
int  InsertRow( in int n, in int row,

in array<int,1> cols,

in array<double,1> values );
I3
interface SolverBuilder {
int Start( in MPI_Com comm);
int SetParameterDouble( in string name, in double value );
int  SetParameterint( in string name, in int value );
int  SetParameterString( in string name, in string value );
int  Setup( in LinearOperator A, in Vector b, in Vector x );
int  GetConstructedObject( out Solver obj );
I3
interface PreconditionedSolverBuilder extends  SolverBuilder {
int  SetPreconditioner( in Solver precond );
2

Figure 4. Examplef Builderinterfacesn Hypre. Notall methodsare shown.
the codeconsistentvith the userinterfacedesign. Therewasno opportunityto clutterthe
interfacewith quick, one-timehacks. The resultwas a more stableand predictableuser
interface.

The simplicity of the SIDL file madeit the mostcorvenientlanguageor Hypre de-
velopersto useto discussuserinterfacedesign. We could limit our discussionto pure
interfaceissueswvhile remainingconfidentthatwhateverwe cameup with would be practi-
cal. SIDL wasaneasylanguageo pick upand(unlike UML) waseasyto write upin email
andsendto collaborators.
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Improvements to SIDL. The Hypre interface projectalso provided useful feedback
to the Babel project. Our experiencewith practicaluse of Babelled to seseral features
andtools which now make Babeleasyto use. Onecommonmistale that was madewas
confusionover how to make a concreteclass,i.e. onefor which all the inheritedvirtual
functionshave animplementationio handlethecalls. It waseasyfor classego inheritalot
of interfacesandthewriter of the SIDL file to forgetto adda singlemethodsignaturethat
wassupposedo be implementedonly to find that Babelcreatedan abstractnot concrete
class.

To correctthe situation, SIDL wasmodifiedin two ways. First, the keyword “ab-
stract” wasaddedto classeghat may have unimplementednethods. If a methodis left
unimplementedandthe classis not declaredabstractthereis anerror. Additionally, the
keyword “implements-all’was added. If a classinherits an interfacethrougha regular
implementdirective, it overridesonly thosemethodsexplicitly mentionedn theclassdef-
inition. If theinterfaceis inheritedthroughan “implements-all’directive, all the methods
of the interfaceare expectedto be overriddenby the classandwriting the methodcall in
theclassdefinitionbecomesedundant.

Improvements to Babel Tools. Basedonobservingheuseof theBabeltoolsandin-
terviewswith theHypredeveloperdnvolved,two featuresvereaddedo improveusability:
automatiomalefile generationandpresenrationof usereditsto generateaode.

EvenonasmallSIDL file, theBabeltoolscangenerata surprisingnumberof header
andsourcefiles, oftenin variouslanguagesThe Babelcodegeneratorsveremodifiedso
that a malkefile fragmentis generatedn eachdirectorywherecodeis generated.These
malefile fragmentdefinemacroghatlist therelevantfilenamesandaresuitablefor inclu-
sioninto largermalefiles.

In additionto the gluecodethatthe Babeltoolsgeneratethey alsogeneratesocalled
Impi files with emptyfunctionbodies.Developersof new librariesmaywantto build their
implementatiordirectly in thesefiles, but developersof legagy librariesusethis asa place
to simply dereferencgointersandcall theirown code.We addedunctionalityto theBabel
tools sothatif the SIDL file waschangedncrementally theseeditsto the Impl files are
presered. Thisimprovementhassaved Hypre developersa significantamountof cut-and-
paste.

Revised Hypre Architecture . At theendof oneyearof aHypre-Babekollaboration,
anew visionis emegingabouttheHyprearchitectureasshovnin Figure5. In this new de-
sign,theHyprelibrary will dependbntheBabelruntimelibrary to provide object-oriented
supportthroughoutthe entirehyprelibrary, not just the Babelinterfaces.Additionally, all
thepublishednterfacesjncludingthe ANSI C interfacewill beprovidedwith Babel.

Thedesignin Figure5 representa major shiftin the Hyprelibrary andhasyetto be
finally decided.The Babeldevelopersare particularly pleasedhat thoughthis collabora-
tion, Hypre developershave developedso muchenthusiasnior Babeltools.
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6 Conclusions and Future Work

Babeldid thelanguagenterfacingjob it hadbeendesignedor, atno costto theHypreuser
andgreatadvantageto Hypre developers.The Hypre-Babelcollaborationled to improved
codesandmethodologie$or bothgroups.

In the long term, Hypre plansto increaseits relianceon the Babeltools and may
eventuallybedistributedwith pregeneratednterfacesfor severallanguagesndplatforms,
anda BabelLiteruntimelibrary. In this configuration,it is entirely possiblethatthe users
of thelibrary don't evenhaveto beawarethatthey areusingBabelaswell. Membersof the
Hypre teamalsoplanto continueparticipationin the EquationSolver Interface(ESI) [6]
working group,developingstandardgor linear solverinterfaces.

Babel continuesto mature. Work is constantlybeing doneto supportadditional
languagesand platforms. Much of the currentresearchwithin the Componentsroject
at LLNL is focusedon handlingparallelremotemethodinvocationsand dataredistriku-
tion in alanguagaéndependenmanner The Component®rojectalsomaintainscloseties
to a larger, grass-rootsnitiative calledthe CommonComponentArchitecture(CCA) Fo-
rum [1, 4]. The goal of the CCA is to bring moderncomponentechnologyto scientific
computing.TheBabeltoolsaretargetedto provide thelanguagendependenct the CCA.

As scientificapplicationdbecomeamoreinterdisciplinarythe needfor interoperability
betweendifferentlibrariesandamongpiecesfrom differentlibrariesbecomesvenmore
important.An importantquestionis how a Babel/SIDLskin caneasilybewrappedaround
existinglibraries. TheHypredeveloperdeelthatif theexistinglibrary wasreasonablyvell
organizedevenif notusinganexplicit OO language}he effort is reasonablethe runtime
costsnegligible, andthe potentialpayof in increasednteroperabilityhuge.
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